Summary
Root-knot nematodes (RKNs) Meloidogyne spp. cause major damage to cultivated woody plants. Among them, Prunus, grapevine and coffee are the crops most infested by worldwide polyphagous species and species with a more limited distribution and/or narrower host range. The identification and characterization of natural sources of resistance are important steps to develop RKN control strategies. In woody crops, resistant rootstocks genetically different from the scion of agronomical interest may be engineered. We describe herein the interactions between RKNs and different woody crops, and highlight the plant species in which resistance and corresponding resistance (R) genes have been discovered. Even though grapevine and, to a lesser extent, coffee have a history of rootstock selection for RKN resistance, few cases of resistance have been documented. By contrast, in Prunus, R genes with different spectra have been mapped in plums, peach and almond and can be pyramided for durable resistance in interspecific rootstocks. We particularly discuss here the Ma Toll/interleukin-1 receptor-likenucleotide binding-leucine-rich repeat gene from Myrobalan plum, one of the longest plant R genes cloned to date, due to its unique biological and structural properties. RKN R genes in Prunus will enable us to carry out molecular studies aimed at improving our knowledge of plant immunity in woody plants.
I. Introduction
Plants are attacked by large numbers of soil-dwelling organisms, in particular plant-parasitic nematodes. The most damaging nematodes are those of the root-knot (Meloidogyne spp.) and cyst (Heterodera and Globodera spp.) nematode groups. These sedentary endoparasitic genera are obligate biotrophs that penetrate plant roots and hijack the nutritional resources of the host for their benefit. Meloidogyne spp. are commonly known as root-knot nematodes (RKNs) because of their characteristic root galling symptoms (Fig. 1a) . This genus includes the nematode species with the largest economic impact, causing losses estimated at tens of billions of euros yr -1 (Jones et al., 2013) . RKNs are highly diverse, with more than 90 species displaying modes of reproduction ranging from obligatory mitotic parthenogenesis to amphimixis (Chitwood & Perry, 2009; Moens et al., 2009) . Four predominant species of RKNs are found worldwide. They are extremely polyphagous and reproduce on thousands of cultivated and wild plants (De Guiran & Netscher, 1970) . These species are the mitotic species
Meloidogyne incognita, Meloidogyne arenaria and Meloidogyne javanica, and the meiotic species Meloidogyne hapla.
All Meloidogyne spp. have a similar life cycle. Eggs are deposited in gelatinous masses and survive in the soil or in plant residues. The mobile second-stage juveniles (juveniles or J2s) hatch from the eggs and move towards the root tips. During the compatible interaction in susceptible plants, the J2s penetrate the root and migrate downwards, between the cells of the cortex, to the apical meristem region. They then move upwards in the vascular cylinder, inducing specialized hypertrophied and multinucleate feeding cells known as giant cells. They become sedentary and develop into swollen thirdand fourth-stage juveniles. Finally, they develop into adult females, each of which may lay > 1000 eggs in an egg mass, often located on the outer surface of the root (Fig. 1b,c) . The giant feeding cells and the divisions of the surrounding vascular parenchyma cells give rise to the typical root galls (Abad & Williamson, 2010) .
Perennial woody and herbaceous plants occupy the ground, with a presence in both the underground and above-ground space, for several years. These long-lived plants must therefore be capable of greater adaptation to abiotic and biotic variations of their environments than annual plants (Kozlowski & Pallardy, 2002) . Woody perennial crops are used in the most permanent cropping systems, whereas herbaceous perennial crops have a more temporary presence in fields, alternating with other crops. One key feature of woody crops is the possibility of grafting the genotype of agronomic interest onto a rootstock (Mudge et al., 2009) . Commercial orchard trees thus often consist of a lower part, the rootstock, and an upper grafted part, the scion, which bears the fruit. The rootstock and the scion have different genotypes and the rootstock is often selected so as to confer various traits, such as resistance to soil pests and diseases and adaptation to soil characteristics (Rom & Carlson, 1987; Warschefsky et al., 2015) . Woody crops are generally grown in long-term specialized production systems that remain in place for decades. It is not possible, therefore, to control polyphagous RKN species by crop rotation. Nematicide use is now increasingly subject to limitations, and thus alternative control methods are required. One possible means of RKN control is to identify natural plant resistance to nematodes and to engineer resistant rootstocks. The mechanisms of resistance to RKN infection, including, in particular, the hypersensitive response (HR), a highly strong and effective defense reaction, have long been studied in herbaceous plants (Kaplan & Keen, 1980; Huang, 1985) . Histological reactions range from early HR, as for the Mi-1 resistance (R) gene in tomato (Solanum lycopersicum) and the Me3 R gene in pepper (Capsicum annuum), to late necrosis of imperfect giant cells, as for the Me1 R gene of pepper and the Rk R gene of cowpea (Williamson, 1998; Pegard et al., 2005; Das et al., 2008) . By contrast, we still know little about the histological mechanisms of resistance in woody plants. Nematode pests encountering resistance in woody plants are exposed to much longer periods of continual pressure than in plants with shorter life cycles. This greatly increases the risk that they adapt and finally 'break' the plant resistance (Lespinasse et al., 2003) . Moreover, given that most scions are grafted onto clonally propagated rootstocks, the genetic uniformity of the underground component of the plant would be expected to make it easier for the pest to overcome plant resistance. The challenge is, therefore, to develop efficient and durable strategies overcoming these constraints, to ensure the successful control of RKN species in woody crops. As in other plants (Roberts, 1995) , the identification and characterization of resistance traits and/or R genes effective against RKNs are the first steps for the deployment of gene-based natural resistance in woody plants.
In this review, we summarize current knowledge for widely grown woody plants severely affected by RKNs, such as Prunus spp., grapevine, coffee and a few other crops, and we discuss the extent to which sources of resistance (including resistant rootstock materials) have been detected and their efficacy against these detrimental nematode species characterized. Herbaceous plants are generally preferred as study models in the laboratory, because many of their characteristics are more favorable than those of woody plants. However, when trying to obtain a broader overview of the plant immune system, it also appears to be essential to focus on the evolution and characterization of immune components in woody plants. This review aims to draw attention to the molecular components of resistance in these plants, principally by summarizing the remarkable biological and structural features of the recently cloned and validated Ma R gene of Myrobalan plum (Prunus cerasifera).
II. RKN species in woody plants
The predominant RKN species parasitizing woody plants are the same as those found on other plants, including annuals. They can be characterized more precisely on the basis of their reproductive status, geographic distribution and host range. RKNs may have a mitotic or meiotic mode of reproduction. Mitotic (apomictic) species generate clonal progenies, but little is known about how these species adapt to selection and evolve genetically (Bird et al., 2009; Abad & Williamson, 2010; Castagnone-Sereno et al., 2013) . By contrast, meiotic species may adapt through recombination during bivalent genome assembly. The genomes of M. incognita (Abad et al., 2008) and M. hapla (Opperman et al., 2008) -the mitotic and meiotic model species, respectively -have been sequenced and should provide relevant information about genome evolution in RKNs (Castagnone-Sereno et al., 2013) . The mitotic polyphagous species M. incognita, M. arenaria and M. javanica, which are found in hot and Mediterranean climates worldwide, are by far the most frequent RKN species encountered in woody crops (Table 1) . They display exclusively parthenogenetic mitotic reproduction (Triantaphyllou, 1985) . The polyphagous M. hapla is the most important meiotic RKN species in terms of economic losses. It reproduces by facultative meiotic parthenogenesis and is present principally in temperate and Mediterranean regions (Table 1) .
In Mediterranean and warm temperate climates, the perennial crops most affected by RKN species are Prunus, grapevine (Vitis vinifera) and, to a lesser extent, kiwifruit (Actinidia deliciosa), olive (Olea europaea) and fig (Ficus carica) . In tropical and subtropical climates, the principal crops affected are coffee (Coffea arabica), followed by guava (Psidium guajava), cocoa (Theobroma cacao) and rubber (Hevea brasiliensis) (Table 1) . Most, if not all, of these crops are severely attacked by the species M. incognita, M. arenaria and M. javanica. Another mitotic parthenogenetic and highly polyphagous species of putative tropical origin, Meloidogyne enterolobii, is also recognized as a highly aggressive pest of many plants, in particular guava. By contrast, the facultative meiotic M. hapla is generally considered to be less aggressive than parthenogenetic species on Prunus, grapevine and olive. Nevertheless, M. hapla can cause significant damage on rose (Rosa sp.) and kiwifruit (Table 1) .
In addition to the polyphagous RKN species with a worldwide distribution mentioned earlier, other Meloidogyne species with a more limited distribution and/or a narrower host range (one or a few woody plant species) have been described (Table 1) . For example, three species (M. morocciensis, M. hispanica and M. floridensis) were originally described in peach (Prunus persica) and six species (M. arabicida, M. izalcoensis, M. konaensis, M. paranaensis, M. coffeicola and M. africana) were originally described in coffee. Meloidogyne lusitanica has been found in cultivated Portuguese olive orchards (Abrantes & Santos, 1991) and Meloidogyne baetica has been found in wild olive plants (O. europaea sp. sylvestris) in southern Spain (Castillo et al., 2003; Vovlas et al., 2004) . Meloidogyne baetica appears to have a narrow host range limited to woody plants from its original habitat.
III. Resistance in the genus Prunus
In the genus Prunus, the peach and the almond (P. dulcis), from the subgenus Amygdalus, and the diverse plums and the apricot (P. armeniaca), from the subgenus Prunophora (Rehder, 1947) , are the principal species attacked by RKNs. Peach, almond and apricot are diploid species (2n = 2x = 16), whereas plums range from diploid to hexaploid (2n = 6x = 48). The peach has a small genome, with an estimated size of 265 Mb/1C (Arumuganathan & Earle, 1991; Verde et al., 2013) , only about twice that of the Arabidopsis genome. The release in 2010 of the genome sequence of the peach cv 'Lovell' (Peach v1.0 at http://www.rosaceae.org/peach/genome) (Verde et al., 2013) , with the publication of the v2.0 version of this genome in 2014, identified the peach as the model Prunus species for molecular and genome analysis.
Resistance in peach and almond
The peach, which is native to warm areas of China (Monnet & Bassi, 2008) , is self-fertile, with a low degree of genetic variability (Abbott et al., 2008) . Wild relatives, including Prunus davidiana, (Layne, 1987; Yamamoto & Hayashi, 2002) and Prunus kansuensis from China, are used as sources of resistance to pests and diseases for fruit varieties and rootstocks. Peach was the first Prunus species for which RKN resistance factors were reported (Tufts, 1929) . The first RKN-resistant peaches, Shalil, Bokhara and Yunnan, originated from north-west India, the Central Asian Republics and China, respectively (Sharpe et al., 1969) , and were resistant to both M. arenaria and M. incognita. New peach varieties, such as Nemaguard, Nemared and Okinawa, were then selected in the USA, from the 1960s onwards, for additional resistance to M. javanica (Layne, 1987) . Since the 1990s, several rootstocks for peach have been derived from these accessions, including the New Phytologist complex almond-peach hybrid cv Flordaguard, the almond-peach cv Garnem and the peach 9 P. davidiana cv Cadaman (Nyczepir & Esmenjaud, 2007) . Studies on the histological mechanisms of resistance in Nemaguard and Nemared, both of which are considered resistant to certain M. javanica populations, despite the formation of small galls, showed a protective 'walling off' process isolating young giant cells from neighboring cells. The giant cells then become necrotic and collapse, thereby preventing the maturation of the females, and this nematode restriction is accompanied by callose deposition within the compact cell layer around the infection site (Malo, 1967; Meyer, 1978; Marull et al., 1994) .
Early genetic studies on resistance to M. incognita in peach suggested that there was a single R gene in the accessions Nemaguard and Shalil, and in the Japanese source Juseitou (Weinberger et al., 1943; Sharpe et al., 1969; Yoshida & Seike, 1981) . These varieties were found to have the same major R gene conferring resistance to M. incognita, RMia, located on linkage group (LG) 2 (Yamamoto & Hayashi, 2002; Claverie et al., 2004) ( Table 2 ). The RMia locus mapped in a 100 kb interval containing three Toll/interleukin-1 receptor-like (TIR)-nucleotide binding (NB)-leucine-rich repeat (LRR) (TNL) genes, the best candidate of which was found to be complete in Nemared but disrupted by a Ty1-copia-like retrotransposon in the susceptible reference accession (Duval et al., 2014) . Similarly, in the Japanese source Okinawa, a single R gene against M. incognita was hypothesized, but not precisely located on LG2 (Gillen & Bliss, 2005) . In P. kansuensis, another gene for resistance to M. incognita, PkMi, was mapped to a site c. 3.0 Mb away from RMia (Cao et al., 2014) (Table 2 ). Several hypotheses have been put forward to account for resistance to M. javanica, with two independent genes (Sharpe et al., 1969) or a single gene (Yoshida & Seike, 1981; Lu et al., 1998) , but the genetic determinants of this resistance remain to be identified. Table 2 Main sources of resistance to root-knot nematodes (RKNs) in Prunus spp.
Genera abbreviated as M. are Meloidogyne and as P. are Prunus. Resistance phenotype (in gray) and corresponding genes with their spectrum (in color). R, resistant; S, susceptible; R/S, phenotype depending on the isolate. In Nemared and Nemaguard, different genes/locations within LG2 have been proposed, but only one gene (RMia) conferring resistance to M. incognita has been confirmed.
Almond, which originates from Central Asia, has been cultivated in the Middle East and Mediterranean areas since antiquity for its sweet seeds, with bitter-seeded varieties being used as rootstocks. Resistance to M. javanica and M. arenaria, but not to M. incognita and M. floridensis, has been detected in bitter seeds of Alnem seedlings in Israel (Scotto La Massese et al., 1984; . Dominant single-gene resistance to M. javanica has been described in accessions Alnem 1, Alnem 88 and Alnem 201 (Kochba & Spiegel-Roy, 1975) . The single R gene involved, which is called RMja and is located on LG7, remains to be cloned. It is still unclear whether RMja also controls M. arenaria (Van Ghelder et al., 2010) (Table 2) .
Resistance in plums
Plums, which are adapted to a broad range of climatic and edaphic conditions, were domesticated independently in Europe (Prunus domestica, Prunus insititia), China (Prunus salicina) and North America (Prunus hortulana) (Weinberger, 1975; Salesses et al., 1992; Okie & Ramming, 1999) . Most of the fruit varieties of plums belong to the European species P. domestica and P. insititia, or to P. salicina. Resistance has been identified in a number of plum rootstocks, including St Julien E (P. insititia), and Damas C (P. spinosa 9 P. domestica), and the Myrobalan plum (P. cerasifera) (Day & Tufts, 1939) . Myrobalan plum, a near-wild allogamous species found in temperate and Mediterranean climates, originated in the Caucasus and Crimean regions (Eremin, 1978) . Myrobalan accessions P.2175, P.1079 and P.2980 express complete resistance to more than 30 RKN isolates from M. arenaria, M. incognita, M. javanica, M. hispanica and M. hapla (Esmenjaud et al., 1994 . In these accessions, a single dominant R gene, Ma, confers a high degree of resistance to M. arenaria, M. incognita and M. javanica (Esmenjaud et al., 1996b; Lecouls et al., 1997; Rubio-Cabetas et al., 1998) (Table 2) . Ma also provides resistance to the peach meiotic RKN M. floridensis, for which no R gene providing control has yet been identified in the subgenus Amygdalus (Table 2) . Ma is also effective against the invasive and highly aggressive M. enterolobii (Table 3) , a species that reproduces in tomatoes carrying the Mi-1 R gene, in pepper accessions carrying the N, Tabasco and Me R genes and in cowpeas (Vigna unguiculata) carrying the Rk R gene (Prot, 1984; Williamson, 1998; Rubio-Cabetas et al., 1999; Brito et al., 2007; Kiewnick et al., 2009; Castagnone-Sereno, 2012) . Interestingly, the stability of the resistance conferred by Ma is not affected by high temperature (Esmenjaud et al., 1996a) , whereas that of Mi-1 is strongly influenced by this factor (Dropkin, 1969) (Table 3) .
Ma-resistant plums have no galls and no swollen larval nematode stages are observed, regardless of the RKN species considered (Fig. 1) . Histological studies, particularly for M. arenaria, have shown that similar numbers of J2s are recovered 2 d after inoculation from the roots of Ma-resistant and Ma-susceptible accessions, indicating that the R gene has no effect on penetration . In both accessions, J2s entered the elongation zone, migrated downwards to the apical meristem region and then moved upwards in the direction of the stele (Khallouk et al., 2011) . J2s completed their life cycle in susceptible tissues, whereas, in resistant tissues, HR was able to block Prot (1984) ; 7, Kaloshian et al. (1996); 8, Castagnone-Sereno et al. (1996); 9, Dropkin (1969) .
X indicates that the gene controls the corresponding RKN species. New Phytologist the nematode at any point along its route, but particularly in the apical meristem region and the stele (Fig. 1i-k) . The severe damage inflicted on the apical meristem by J2s induces the development of new subterminal rootlets Khallouk et al., 2011) ( Fig. 1g,h,j,k) . The Ma locus, which has been mapped to LG7, has been cloned by a positional cloning approach, with bulked-segregant analysis (Claverie et al., 2004) (Table 2 ). The subsequent Agrobacterium rhizogenes-mediated hairy-root transformation of susceptible Prunus plants corroborated that Ma conferred resistance to M. arenaria, M. incognita, M. javanica, M. floridensis and M. enterolobii Claverie et al., 2011) . Ma belongs to the TNL R gene subfamily and was the second R gene against RKNs to be cloned (after Mi-1, which belongs to the coiled coil (CC)-NB-LRR (CNL) R gene subfamily). Its large coding sequence (2048 codons) makes it one of the longest R genes cloned to date . The closely related plum P. salicina (accession J.222) has a gene called Rjap that maps to the same site as Ma on LG7 and confers a similar degree and spectrum of resistance to Ma (Claverie et al., 2004) . Thus, the region of LG7 containing Ma, Rjap and RMja appears to be a hotspot for RKN resistance in Prunus species (Table 2 ). The R genes in this region probably predate the separation between the P. cerasifera and P. salicina plums, and the divergence of the Prunophora and Amygdalus subgenera. Both the Rjap and RMja genes are plausible orthologs or paralogs of Ma.
Breeding strategy and durability
Resistance genes can recognize pathogen-secreted proteins (known as effectors) directly or indirectly, and this recognition triggers immune responses (Dodds & Rathjen, 2010) . Ma controls all the tested RKN species, whether mitotic or meiotic (M. floridensis), whereas Mi-1 confers a more restricted spectrum of resistance (Table 3 ). This suggests that the Ma R protein recognizes nematode signals or effectors common to a wide range of Meloidogyne species. Nevertheless, a loss-of-function mutation in the effector-encoding gene might prevent such recognition and restore disease development (Parlevliet, 2002) . RKN species can overcome the HR controlled by R genes, as demonstrated for Mi-1 both in the field and under artificial selection (Table 3) , and for the Me3 gene in pepper (Prot, 1984; Roberts, 1995; Castagnone-Sereno et al., 1996 Kaloshian et al., 1996) . However, as none of the effectors recognized by RKN R genes have yet been identified, it is not currently possible to infer the mechanism responsible for this evasion of recognition.
In Prunus, a breeding strategy for rootstocks carrying completespectrum resistance based on the stacking of several RKN genes is being developed, to limit the risk of resistance breakdown as reported in solanaceous crops (Williamson & Hwang, 2004) . Future breeding efforts will focus, in particular, on combining the Ma, RMia and RMja genes into trispecific 'Myrobalan plum 9 almond-peach' hybrids (P.2175 9 (Alnem 1 9 Nemared)) (Van Ghelder et al., 2010) . The stacking of these three R genes in a single rootstock by marker-assisted selection will lead to the control of each of the three predominant RKN species -M. incognita, M. arenaria and M. javanica -by at least two genes (Table 2 ). This preventive strategy will provide rootstock material with an unprecedented pyramiding of R genes.
In interspecific Prunus hybrids, the resistance conferred by Ma alone or by a combination of Ma and RMia has not been overcome when challenged, under glasshouse conditions, for 2-4 yr of exposure to continuous M. incognita inoculum pressure, whereas the resistance conferred by Mi-1 in tomato (also triggering HR) broke down after only 1-2 yr (Khallouk et al., 2013) (Table 3) . Durable resistance, as defined by Johnson (Johnson, 1981) , is resistance that remains effective during extensive use in agriculture, over a long period, in an environment conducive to the disease. Thus, further field tests are required before any firm conclusions can be drawn concerning the efficacy and durability of the multilayered approach in Prunus rootstock breeding.
IV. Resistance in grapevine

RKNs infecting grapevine
Three RKN species, M. arenaria, M. incognita and M. javanica, are considered to be major pests in viticulture in Mediterranean countries and in California, South America, South Africa and Australia (Loubser, 1988; McKenry, 1992; Nicol et al., 1999; McKenry et al., 2001; McKenry & Bettiga, 2013) (Table 1 ). The meiotic species M. hapla, which is found mostly in more temperate regions in Europe and North America, has a lower agronomic impact (Dalmasso & Cuany, 1976; Loubser, 1988; McKenry & Bettiga, 2013) . Meloidogyne ethiopica has also been implicated in severe attacks on grapevines in Chile and Brazil (Carneiro et al., 2004) (Table 1) .
Sources, genetics and breeding
As all cultivars of the cultivated grapevine V. vinifera are susceptible to RKNs, resistance sources have been sought in other Vitis species, particularly the American species first screened 150 yr ago during rootstock breeding for resistance to the insect pest phylloxera (Pouget, 1990) . The responses of Vitis selections and Vitis interspecific hybrids have been evaluated in California since 1936 (Snyder, 1936; Lider, 1954; Walker et al., 1994) . These evaluations have led to the identification of a number of American species, such as Vitis champinii, Vitis longii, Vitis cinerea and Vitis rupestris, as potential sources of resistance to RKNs. Another potential source of R genes conferring complete-spectrum resistance to RKNs (Table 4) is the North American muscadine, Muscadinia rotundifolia (Lider, 1954) . A review of the host suitability of rootstock material has been published by Nicol et al. (Nicol et al., 1999) and additional data can also be found elsewhere (McKenry et al., 2001; Esmenjaud & Bouquet, 2009; Ferris et al., 2012) . As previously observed in the Prunus-RKN interaction, the results highlight the considerable diversity of the resistance spectra of grapevine rootstocks.
In the US, severe damage and the restriction of nematicide use have resulted in efforts to develop new rootstocks with durable broad-spectrum resistance to RKNs. The first resistant rootstocks were developed from V. champinii, which presumably carried the Data are presented for Vitis and Muscadinia R sources and for two rootstock cultivars (RS-9 and USDA 10-17A) derived from them as examples of the selection of resistance to virulent (resistancebreaking) populations.
R, resistant; S, susceptible; -, unknown; HR, hypersensitive response.
The M. arenaria 'Harmony' population was initially reported by Lider (1960) in Californian vineyards as virulent on the Harmony rootstock and it was used in McKenry's screening work (McKenry, 1992; McKenry & Kretsch, 1995; McKenry et al., 2001) . The virulent M. incognita population was identified in Californian vineyards as virulent on Ramsey, 1613C and other resistant rootstocks (McKenry, 1992) . (Lider, 1954 (Lider, , 1960 Cain et al., 1984; McKenry, 1992; McKenry & Kretsch, 1995) . These instances of resistance breaking have led to the selection of new hybrid material, mostly containing R genes from V. champinii, as in the accessions RS-9 (Anwar & McKenry, 2000 , 2002a Anwar et al., 2002; McKenry & Bettiga, 2013) and GRN2-GRN5 (Ferris et al., 2012) , or from M. rotundifolia, as in the accessions USDA 10-17A (Anwar & McKenry, 2000 , 2002b McKenry & Bettiga, 2013) and GRN1 (Ferris et al., 2012) (Table 4) . Vitis champinii accessions have been shown to carry a single dominant R gene against M. incognita (Lider, 1954) . In material developed from V. champinii, a dominant R gene, designated N, was found to confer resistance to a nonvirulent M. incognita population in the Ramsey (heterozygous), Harmony and Freedom (both homozygous), and 1613C (Cousins & Walker, 2002) rootstocks. An accession of Vitis mustangensis (a source closely related to V. champinii) (Lider, 1954) carries the dominant R gene Mur1, which is nonallelic with N and active against several RKN populations, including a virulent M. arenaria isolate and the previously mentioned nonvirulent M. incognita population (Cousins et al., 2003) (Table 4) . Resistance from M. rotundifolia to M. incognita, M. arenaria and M. javanica is dominant in Vitis 9 Muscadinia hybrids (Esmenjaud & Bouquet, 2009 ), but the number of genes involved is unknown. Identified or hypothetical major dominant R genes are therefore used empirically in grapevine breeding. Diverse high-resolution genetic maps (Lowe & Walker, 2006) and the two genome sequences currently available for this crop (Jaillon et al., 2007; Velasco et al., 2007) should facilitate the mapping of these grapevine or muscadine R factors in the near future.
Resistance mechanisms and durability
Despite the current use of resistant rootstocks, very little is known about the genes and immune mechanisms underlying the resistance of grapevine to RKNs. In California, as previously mentioned, the resistance of widely used rootstocks has been overcome by virulent M. arenaria and M. incognita. These nematode populations may have evolved and adapted over years as a result of continual inoculum pressure on the same perennial accessions (Anwar & McKenry, 2000 , 2002a Anwar et al., 2002) . New resistant rootstocks controlling virulent populations have been selected using M. rotundifolia and V. champinii R sources and, in some of these accessions, histological resistance mechanisms have been described. In response to the resistancebreaking M. arenaria 'Harmony' populations (virulent on 'Harmony' rootstock), accession USDA 10-17A (source M. rotundifolia) displayed complete resistance with an early HR (Anwar & McKenry, 2002b) , whereas accession RS-9 (source V. champinii) showed late resistance characterized by the delayed development of undersized adult females and little or no egg production (Anwar & McKenry, 2002a) (Table 4 ). The further interpretation of these data will require definition of the genetic basis of resistance in this material.
V. Resistance in coffee
RKNs infecting coffee
Cultivated coffee (Coffea arabica) is of considerable economic importance in several tropical and subtropical countries. This allotetraploid crop (2n = 4x = 44) is derived from hybridization between Coffea canephora (2n = 2x = 22; 710-Mb genome) and Coffea eugenioides (2n = 2x = 22) (Denoeud et al., 2014) . Coffee crops are attacked by many RKNs (Table 1) , those with the greatest impact being the widely distributed mitotic species M. incognita (Central and South America, Africa and Asia) and the meiotic species Meloidogyne exigua, first discovered in Rio de Janeiro as early as 1878 (Jobert, 1878) and now present in all American coffee-producing countries (Campos et al., 1990; Villain et al., 2013) . Many other species have been reported on coffee crops, but without further documentation after their initial detection (Table 1) .
Sources, genetics and mechanisms of resistance
The origin, genetics and mechanisms of resistance in coffee have mostly been described for M. incognita, M. paranaensis, M. exigua and M. arabicida. Resistance to M. incognita, identified in C. arabica, is nematode population-specific (Bertrand & Anthony, 2008) and probably conferred by a single dominant gene (Anzueto et al., 2001) . In the cv UFV408-28, resistance to several populations of M. incognita involves the induction of an HR-like response in which the nematode cycle is interrupted after root penetration or during the migration and initial feeding steps (Albuquerque et al., 2010) . Polygenic resistance to M. paranaensis is thought to occur in C. canephora (Carneiro et al., 1996; Bertrand et al., 2000) .
Resistance to M. exigua and M. arabicida has been identified in clonal accessions of C. canephora and its hybrids (Anthony et al., 2003) . As no resistance to M. exigua was found in C. arabica, resistant selections of C. canephora are commonly used as rootstocks for coffee crops. Resistance to M. exigua in C. canephora is conferred by a single, partially dominant R gene, Mex-1, which reduces nematode penetration and development, and subsequent galling (Alpizar et al., 2007) . Histological responses range from classical HR-like features in which the development of vermiform juveniles into inflated larval stages is interrupted, to the formation of giant cells associated with incomplete female development in small galls (Anthony et al., 2005) . A highly virulent natural population of M. exigua has already been identified in the Mex-1 cv Iapar 59 in Brazil (Muniz et al., 2009 ). The Mex-1 locus is located in a region of chromosome 3 harboring the SH3 gene for resistance to coffee leaf rust (P. Lashermes, pers. comm., 2015, IRD Montpellier, France). 
VI. Resistance in other woody crops
Root-knot nematode resistance strategies are now being explored in a few other woody crops in addition to Prunus, grapevine and coffee. Roses (Rosa spp.) are attacked by M. hapla in temperate and Mediterranean regions (Esmenjaud, 2003) (Table 1 ). The genus Rosa contains numerous species and interspecific hybrids, with ploidy levels ranging from diploid (2n = 2x = 14) to octoploid (2n = 8x = 56) (Jacob et al., 1996) . Sources of resistance to M. hapla have been found in diverse species, including Rosa manetti (tetraploid), Rosa canina (pentaploid) and the Rosa multiflora (diploid) selections from Japan and South Africa. In Japanese R. multiflora selections, it has been suggested that resistance to this RKN species is oligogenic or polygenic (Wang et al., 2004) . Resistance to M. hapla in herbaceous crops, such as oil radish (Raphanus sativus ssp. oleiferus) and carrot (Daucus carota), is also thought to be oligo-or polygenic (Wang & Goldman, 1996; Bunte et al., 1997) .
In the tropics, guava (Psidium guajava) is widely attacked by several RKN species, including M. arenaria, M. incognita, M. javanica and M. hapla. This crop has recently been reported to be highly susceptible to the new invasive species M. enterolobii in Brazil and Vietnam (Table 1 ). The Costa Rican wild guava species Psidium friedrichstalianum has been successfully used as a resistant rootstock for this crop in Cuba (Fernandez Diaz-Silveira, 1975) , and other wild species, such as Psidium cattleyanum, are currently being used or evaluated in Brazil (Souza et al., 2014) . The rubber tree (Hevea brasiliensis) is also affected by several RKN species, including M. incognita, M. javanica (Lordello et al., 1989) and M. exigua (Table 1) . Some M. javanica-resistant rootstock cultivars have been shown to be susceptible to M. exigua (Fonseca et al., 1999) . Another tropical crop, cocoa (Theobroma cacao), is attacked principally by M. incognita in West Africa, India and Brazil, but M. exigua in Bolivia, M. javanica in Africa and M. arenaria in Brazil have also been reported on this crop (Campos et al., 1990) (Table 1) . Cocoa accessions resistant to M. incognita have been detected, particularly in Nigeria, even though selection for varietal or rootstock resistance to RKNs has not been reported (Campos & Villain, 2005) .
Meloidogyne arenaria, M. incognita and M. javanica are commonly found on cultivated fig (F. carica) , which is distributed throughout the Mediterranean region (Table 1) . Other Ficus species have been screened for resistance to these RKNs, to compensate for the current lack of resistant germplasm in the cultivated fig. Despite high amounts of resistance and graft compatibility in accessions from the tropical species Ficus racemosa (Cohn & Duncan, 1990) , no effective control strategy has yet been implemented.
The area under another Mediterranean species, olive, has increased in recent decades. This crop is severely damaged by several RKN species (Sasanelli, 2009) , such as M. incognita, M. javanica and M. arenaria, but also M. hapla (Santos, 1982) (Table 1) . Putative sources of resistance to M. javanica (O. europaea cv Leccino) and to both M. incognita and M. javanica (O. europaea cv Corotina) have been identified, suggesting that a resistancebased control strategy may become feasible in the future for olive crops (Sasanelli, 2009) .
Finally, kiwifruit (Actinidia deliciosa), a crop of hot temperate climates, is severely affected by M. hapla, but attacks by M. incognita, M. arenaria (Verdejo-Lucas, 1992) and M. ethiopica (Carneiro et al., 2004) are also frequent (Table 1) . Unfortunately, there is currently an impasse in the development of resistance strategies for kiwifruit, because of a lack of R gene-containing sources.
VII. Relationships between RKN resistance and diseases
The soil bacterium Agrobacterium tumefaciens causes a major disease, crown gall of the roots and collar, in Prunus. It penetrates cells exclusively via wounds, particularly following the disruption of cell integrity by RKN attacks. Associations between A. tumefaciens and RKNs have been reported in almond and peach roots (Orion & Zutra, 1971; Dhanvantari et al., 1975) . In the presence of RKNs, the roots of plants carrying the Ma gene were completely free of both RKN and crown gall symptoms, whereas simultaneously infected plants lacking Ma developed galls following RKN penetration and developed crown gall symptoms (RubioCabetas et al., 2001) (Table 3 ). This study provided the first demonstration of the indirect protective effect of RKN R genes against crown gall disease and additional arguments for the introgression of RKN R genes into Prunus rootstocks.
Corchosis or coffee corky root disease is caused by Fusarium oxysporum. It was first detected in 1974, in Costa Rica, where the RKN M. arabicida is the predominant species. An epidemiological study revealed a frequent association between Meloidogyne spp. and Fusarium sp. and the absence of corky root symptoms in C. canephora rootstocks resistant to M. arabicida (Bertrand et al., 2000) . Thus, M. arabicida may favor the subsequent invasion of the plant by the fungus, and resistance to this RKN species provides an effective means of indirect control, decreasing field mortality as a result of this disease (Bertrand et al., 2002) .
VIII. Towards a better understanding of NB-LRR (NLR) immunity in woody plants
NLRs and signaling
In plants, the NLRs represent the largest known family of R proteins. NLRs can be divided into subfamilies, mainly the TNLs and the CNLs, depending of their N-terminal domain (McHale et al., 2006) . Genomic studies aiming to identify immune components have recently focused on woody plants, which constitute an important piece of the plant evolutionary puzzle. As in herbaceous plants, NLRs have been found in particular in poplar (Populus trichocarpa), grapevine, apricot and peach (Kohler et al., 2008; Kortekamp et al., 2008; Yang et al., 2008; Gutermuth et al., 2011; Verde et al., 2013) . It has been shown that the NLR genes of four woody Rosaceae species, Malus domestica (apple), Pyrus bretschneideri (pear), P. persica and Prunus mume (mei), have undergone recent duplications, which have contributed to their New Phytologist extreme expansion and rapid adaptive evolution (Jia et al., 2015; Zhong et al., 2015) . Despite the existence of similarities in molecular immunity strategies between woody and herbaceous plants, it remains possible that woody plants also contain unique immune components. The poplar genome is approximately twice as large as that of Arabidopsis and contains twice as many NLRs as this model species (Yang et al., 2008) . In poplar, in addition to typical TNLs and CNLs, a particular BED-NB-LRR (BNL) subfamily has been identified (Germain & S eguin, 2011) . The BED domain displays similarity to the zinc finger DNA-binding domain and was originally described in Drosophila, in the BEAF and DREF proteins containing this domain (Aravind, 2000) . To date, the BNL subfamily has only been identified in poplar that contains 32 members and rice (Oryza sativa) that contains three members (Bai et al., 2002; Kohler et al., 2008) . Although it could be involved in DNA binding (Aravind, 2000; Markljung et al., 2009) (Wiermer et al., 2005; Zhu et al., 2011; Wagner et al., 2013; Gao et al., 2014) . Interestingly, potential orthologs of these genes have been identified in the peach and other woody perennials' genomes (Wagner et al., 2013) , suggesting the conservation of NLR signaling in these species. Further investigation will be necessary to infer the requirement of EDS1, PAD4 and SAG101 for TNL-mediated immunity in woody perennial plants.
The atypical C-terminal structure of Ma
In Prunus, the TNL structure of Ma is followed by a huge post-LRR (PL) sequence at the C-terminus (1088 codons), consisting of five repeated exons (PL1-PL5) (Fig. 2) . Similarly, a subset of NLRs present noncanonical architectures, compared with the standard TIR/CC-NB-LRR structure, and contain additional sequences and/or domain repetitions (Meyers et al., 2003; Kohler et al., 2008; Yang et al., 2008) . Such protein extensions are found in the C-or N-terminal end or are integrated within the TIR/CC-NB-LRR core structure and, in some cases, display sequence similarity to characterized protein domains. These domains, and their integrity, may be required for function.
Several NLR proteins with C-terminal extensions have been characterized. In rice, CNL RGA5-A, which is active against the rice blast fungus (Magnaporthe oryzae), carries a 248-amino-acid (aa) Cterminal region, including a 71 aa fragment displaying sequence similarity to the heavy metal-associated (HMA) domain (Cesari et al., 2013) (Fig. 2) . RGA5-A recognizes two effectors, Avr1-Co39 and Avr-Pia, via direct binding to its HMA domain. In Arabidopsis, the RRS1 protein, which confers resistance against Ralstonia solanacearum, the agent of the bacterial wilt, has a large C-terminal region with an integrated WRKY DNA-binding domain (Deslandes et al., 1998 (Deslandes et al., , 2002 (Fig. 2) . This TNL recognizes and interacts with PopP2 and AvrRps4 effectors from the bacteria R. solanacearum and Pseudomonas syringae, respectively (Deslandes et al., 2003; Williams et al., 2014) . Specific acetylation by PopP2 and mutation of the RRS1 WRKY domain trigger activation of the RRS1 protein for immune signaling (Noutoshi et al., 2005; Le Roux et al., 2015; Sarris et al., 2015) . It seems likely that AvrRps4 also acts on the WRKY domain to activate RRS1, although this remains to be demonstrated. RRS1B, a paralog of RRS1, also carries a WRKY domain at its C-terminus (Fig. 2) and recognizes AvrRps4, probably in the same manner as does RRS1 . Similarly, the Arabidopsis TNL CHS3 triggers immunity in cases of mutation affecting residues close to the C-terminal integrated LIM (Lin-11, Isl-1 and Mec-3) domain (Xu et al., 2015) (Fig. 2) . Alternatively, an example of N-terminal protein extension can be found in rice. In this crop, CNL Pik-1 recognizes the M. oryzae effector Avr-Pik through direct interaction with its HMA domain, located between the CC and NB domains (Ashikawa et al., 2008; Yoshida et al., 2009; Maqbool et al., 2015) (Fig. 2) . These examples support a model in which NLR receptors acquire an additional protein domain that acts as an integrated decoy or sensor domain, and enables receptor activation through its modification by, and/or interaction with, one or more pathogen effectors (Cesari et al., 2014; Wu et al., 2015) .
The five replicated PL exons in Ma appear to be unique among plant TNLs (C. Van Ghelder and D. Esmenjaud, unpublished) . Like RGA5-A and RRS1, these PLs may be involved in pathogen recognition and may function as sensor domain for effectors. As Ma confers broad-spectrum RKN resistance (Tables 2 and 3) , it may recognize one or several as yet unidentified effectors common to many RKN species. The duplication and polymorphism of the repeated PLs in Ma may expand RKN species recognition according to the effector repertoire. Interestingly, Mi-1 includes a N-terminal solanaceae domain (SD) that regulates the R protein activation status and could be involved in effector recognition (Milligan et al., 1998; Williamson & Hwang, 2004; Lukasik-Shreepaathy et al., 2012) (Fig. 2) . The Ma-RKN interaction system provides us with a great opportunity to decipher nematode effector recognition and TNL signaling in a perennial plant. Exploitation of the in vitro nematode infection assay developed to test transgenic Prunus roots will facilitate the investigation of Ma domains' function and the identification of the signaling components required by TNLs in Prunus Claverie et al., 2011) .
IX. Conclusion
Like other crops, woody plants are damaged mainly by the polyphagous species M. incognita, M. arenaria and M. javanica, which have a worldwide distribution and, to a lesser extent, by other species with a more limited geographic distribution and/or a narrower host range. Controlling these RKN species by the introgression of R genes appears to be a promising alternative to highly toxic nematicides. In a growing number of woody crops, including Prunus, grapevine and coffee, in particular, the use of resistant rootstocks genetically different from the scion of direct agronomic interest is facilitating the development of this strategy. Nevertheless, few R genes are currently available. No putative R genes have yet been mapped in grapevine, despite a long history of rootstock breeding. In coffee, a single gene, Mex-1, conferring resistance to the meiotic species M. exigua, has been mapped. By contrast, in Prunus, several resistance sources and corresponding R genes effective against a range of RKN species in plums, peach and almond are available, making it possible to generate rootstocks with durable RKN resistance through pyramiding. One of the major challenges ahead will be deciphering the relationships between the Ma (Myrobalan plum), Rjap (P. salicina plum) and RMja (almond) genes from the RKN resistance hotspot on chromosome 7. Prunus crops in which R genes have been extensively characterized, including the Ma gene, which has remarkable features, provide a great opportunity for studies of immunity to RKNs in woody crops. Such studies may also help us to understand how R genes evolved in long-lived species and how RKN species respond to the long-term selection pressure exerted by these resistant plants.
